Six different anionic species (fluoride, chloride, bromide, iodide, nitrate, and acetate) are tested for their abilities to form anionic adducts with neutral oligosaccharides that are detectable by MALDI-TOF mass spectrometry. Fluoride and acetate cannot form anionic adducts with the oligosaccharides in significant yields. However, bromide, iodide, and nitrate anionic adducts consistently appear in higher abundances relative to [M Ϫ H] Ϫ , just like the highly stable chloride adducts. Post-source decay (PSD) decompositions of Br Ϫ , I
, and NO 3 Ϫ adducts of oligosaccharides provide no structural information, i.e., they yield the respective anions as the main product ions. However, determination of linkage types is achieved by analysis of structurally-informative diagnostic peaks offered by negative ion PSD spectra of chloride adducts of oligosaccharides, whereas the relative peak intensities of pairs of diagnostic fragment ions allow differentiation of anomeric configurations of glycosidic bonds. Thus, simultaneous identification of the linkage types and anomeric configurations of glycosidic bonds is achieved. Our data indicate that negative ion PSD fragmentation patterns of chloride adducts of oligosaccharides are mainly determined by the linkage types. Correlation may exist between the linkage positions and fragmentation mechanisms and/or steric requirements for both cross-ring and glycosidic bond fragmentations. PSD of the chloride adducts of saccharides containing a terminal Glc␣1-2Fru linkage also yields chlorine-containing fragment ions which appear to be specifically diagnostic for a fructose linked at the 2-position on the reducing end. This also allows differentiation from saccharides with a 1-1 linked pyranose on the same position. ollowing the advances in proteomics, there is a growing interest in the importance of glycomics, i.e., the study of the breadth of sugar forms (structure and function of glycans) in biological organisms. Carbohydrates (or saccharides) are the most abundant biological compounds found on earth. They are well known as energy reservoirs and structural materials in cell walls. However, it has become clear that oligosaccharides and glycoconjugates (e.g., glycoproteins and glycolipids) serve as crucial mediators for a wide variety of complex cellular events [1] . Carbohydrates also play an important role in specific molecular recognition, protein folding, stability, and pharmacokinetics due to their great structural diversity. Moreover, glycosylation is a ubiquitous form of post-translational modification to both proteins and lipids.
Gaining a clear understanding of the crucial biological roles of oligosaccharides requires complete structural characterization of carbohydrates or glycoconjugates, which includes determinations of the numbers and types of monosaccharide units, ring substituents, sequences, branching, linkage positions, and anomeric configurations between adjacent monosaccharide units. In most cases, merely knowing the monosaccharide sequence is inadequate; thus, unambiguous differentiation of both linkage positions and anomeric configurations represents an essential aspect of the fine stereochemical analysis of oligosaccharides.
Mass spectrometry (MS) has emerged as an important technique for structural analysis of oligosaccharides [2] , offering certain advantages such as lower sample consumption, higher sensitivity, shorter acquisition times, and less stringent sample purity requirements as compared, for example, to NMR analysis. Anomers and linkage isomers that have identical masses cannot be easily distinguished in mass spectrometry, but to aid in this endeavor, separation steps are often performed before mass spectrometric identification. Nevertheless, MS does have the capability to differentiate underivatized saccharide stereoisomers as demonstrated when coupled with several different desorption/ionization techniques such as field desorption (FD) [3, 4] , laser desorption (LD) [5, 6] , fast atom bombardment (FAB) [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] , liquid secondary ion mass spectrometry (LSIMS) [18, 19] , and electrospray (ES) [20 -25] .
Matrix-assisted laser desorption/ionization mass spectrometry (MALDI-MS) has become established as a powerful tool to characterize carbohydrates [26 -28] . Although the majority of mass spectral analyses of neutral saccharides are performed in the positive mode via adduct formation with H ϩ or with metal cations, a potential limitation for positive ion MALDI analysis is that facile decomposition and nonspecific cleavages are often induced for certain unstable alkali metal ion adducts [29, 30] . Moreover, the inability to simultaneously analyze neutral and acidic oligosaccharides for MALDI in the positive ion mode is also a noteworthy drawback.
The above limitations potentially can be resolved by using negative ion mode MALDI MS analysis of oligosaccharides, which has been gaining popularity after a series of ␤-carboline compounds, e.g., harmane, nonharmane, and harmine, were introduced as efficient MALDI matrixes [31] [32] [33] . The tendencies for fucosylated oligosaccharides to lose fucose and for sialylated oligosaccharides to lose sialic acid, as seen in most positive ion MALDI spectra, are not as apparent in negative ion mode analysis [34] . In addition, the acidic oligosaccharides, which readily ionize as [M Ϫ H] Ϫ anions, can be far more amenable to detection in negative mode MALDI analysis than in positive mode. However, unlike acidic oligosaccharides, neutral oligosaccharides exhibit a much lower tendency to deprotonate, rendering the [M Ϫ H] Ϫ signal intensity generally lower.
Anion attachment represents a promising alternative method to enable charging of neutral saccharides in negative ion MALDI-MS using ␤-carboline compounds as the MALDI matrix, and structurally informative fragments were readily produced by decompositions of
Although not truly tandem MS, post-source decay (PSD) can provide valuable information about the structures of gas-phase ions generated by MALDI [39, 40] . When subjected to PSD fragmentation in the positive ion mode, linkage isomers of saccharides are not readily distinguished based upon the PSD spectral patterns because saccharides are frequently cleaved at the glycosyl linkages and more specific cross-ring cleavage ions are often of rather low abundance in positive mode PSD [27, 41, 42] . On the contrary, when subjected to PSD fragmentation in the negative ion mode, prominent cross-ring cleavages are usually produced along with glycosyl bond cleavages. PSD of both deprotonated molecules and anionic adducts of oligosaccharides has been performed and some success for differentiation of linkage positions as well as anomeric configurations in oligosaccharides has been shown [35] [36] [37] [38] [43] [44] [45] .
Recent studies in negative ES-MS have established that more than a dozen stable anionic adducts of carbohydrates (anion attachment) can be observed in the gas phase, and some of these anionic adducts could offer structural information upon CID [24, 46 -49] . But the corresponding studies of anion attachment of oligosaccharides in negative ion mode MALDI-MS have not been systematically exploited [34 -38] . The current study focuses on studying the PSD fragmentation patterns of MALDI-generated anionic adducts of oligosaccharides. A series of anions is tested and the ability to form anionic adducts with saccharides of varying sizes is compared in MALDI reflectron time-of-flight (rTOF) MS. Moreover, PSD patterns of the investigated adducts are evaluated for their abilities to yield structurallyinformative fragments. Our goal is to document the effects of linkage positions and anomeric configurations of neutral oligosaccharides on the PSD patterns of their anionic adducts. We evaluate the application of anion attachment with PSD in MALDI linear-field reflectron TOF MS not only as a technique to determine linkage positions, but also to differentiate anomeric configurations in underivatized oligosaccharides.
Experimental

Chemicals
All neutral oligosaccharides were purchased from Sigma Chemical Co. (St. Louis, MO) and prepared at 1 mM in a solution of 4:1 methanol/water. D-glucuronic acid was purchased from Aldrich (Milwaukee, WI) and prepared at 1 mM in a 4:1 solution of methanol/water. Hydrochloric acid, acetic acid, ammonium nitrate, ammonium fluoride, ammonium chloride, ammonium bromide, ammonium iodide and ammonium acetate were obtained from Aldrich and were prepared at 1 mM in a solution of 4:1 methanol/water. Harmine and harmine hydrochloride were also purchased from Aldrich. Both matrixes were prepared at 20 mg/mL in a solution of 4:1 methanol/water. All chemicals were used as received without further purification.
Mass Spectrometry
Mass spectra were acquired on an Applied Biosystems Voyager Elite MALDI-TOF mass spectrometer equipped with delayed extraction (Applied Biosystems, Framingham, MA) and a pulsed N 2 laser ( ϭ 337 nm); an extraction voltage of 20 kV was typically employed. All mass spectra were acquired in the negative reflectron mode employing delayed extraction with the laser intensity adjusted to just above the threshold energy for appearance of oligosaccharide anionic adducts. When acquiring PSD spectra, laser intensity was adjusted to 10%-30% above this threshold, and the mirror ratios in the PSD segment list were manually calculated and specified such that the targeted ions in question would be focused and collected within the same PSD segment. All mass spectra and PSD spectra consist of an average of 50 -100 laser shots. Reported m/z values show nominal masses only (i.e., values after the decimal places have been truncated). The instrument was externally calibrated by monoisotopic peaks of anionic dopants, harmine matrix, and oligosaccharides. Data processing was performed using IGOR Pro 4.07 (Wave Metrics Inc., Lake Oswego, OR).
MALDI samples were prepared using an optimized "thin-layer" [50, 51] method. Corresponding ammonium salts were used when investigating six different anionic species, i.e., acetate, fluoride, chloride, bromide, iodide, and nitrate anions, for their abilities to yield anionic adducts of oligosaccharides in MALDI. First, 2 L of 1 mM ammonium salt solution, 2 L of 1 mM acid, and 4 L of harmine matrix solution (all in 4:1 methanol/water) were mixed. Next, a 0.5 L aliquot of this final matrix solution was deposited onto a sample plate and dried to form the matrix layer; 0.5 L of oligosaccharide solution was then deposited on top of the matrix layer and allowed to dry. Acidic conditions were used as indicated above because harmine works best as a MALDI matrix at low pH [34] . Therefore, in addition to the ammonium salts that were added in every case, 1 mM HCl in a 4:1 solution of methanol/ water was used when testing chloride anion, whereas 1 mM HNO 3 was used when testing nitrate anion. For all the other ions, i.e., acetate, fluoride, bromide, and iodide anions, 5% acetic acid in a 4:1 solution of methanol/water was used during sample preparation. Acetic acid was chosen because it does not form acetate adducts with the tested oligosaccharides (see the Results section below), which might complicate the interpretation of results. PSD experiments were performed on stable anionic adducts (i.e., Cl Ϫ , Br Ϫ , I Ϫ , and NO 3 Ϫ ) of oligosaccharides.
Results and Discussion
Comparison of Anionic Adducts of Neutral and Acidic Oligosaccharides
Of the six anionic species studied, nitrate, chloride, bromide, and iodide were able to form anionic adducts with a series of neutral and acidic oligosaccharides in MALDI-TOF MS (Table 1) (11, 25, 28, 31-35) , from monosaccharides such as ␣-D-glucose (31) to larger oligosaccharides such as ␥-cyclodextrin (34). By contrast, anionic adducts of oligosaccharides were not observed to form for fluoride and acetate in this study. When serving as the attaching anions to smaller saccharides (monosaccharides, disaccharides and trisaccharides) in negative ion MALDI, nitrate, chloride, bromide, and iodide appear to have an advantage over bisulfate which reportedly only forms adducts with tetrasaccharides or larger oligosaccharides [34] .
The gas-phase basicity (GB) of the anion clearly plays an important role for the successful observation of anionic adducts in MALDI MS. The gas-phase basicity of the deprotonated matrix, [harmine Ϫ H] Ϫ (between 1373 and 1407 kJ/mol) [35] is lower than that of fluoride (1529 kJ/mol) and acetate (1427 kJ/mol), but higher than that of nitrate (GB 1329.7 kJ/mol), chloride (GB 1372.8 kJ/mol), bromide (GB 1331.8 kJ/mol), and iodide (GB 1293.7 Ϯ 0.84 kJ/mol). This is in agreement with our previous finding that the gas-phase basicity of an anion must be lower than that of [matrix Ϫ H] Ϫ to form anionic adducts with a neutral analyte in high abundance [35] . Also, it appears that Cl Ϫ gives the strongest adduct signal among all the anions investigated because the gas-phase basicities of saccharides and chloride are closest [52] .
D-glucuronic acid ( Formula Name
Glucuronic acid sugars, acidic oligosaccharides generally produce stronger signals, and deprotonation of the latter occurs more readily than anion attachment. Nitrate, chloride, bromide, and iodide can serve as good candidates for simultaneous detection of intact neutral and acidic oligosaccharides in the negative ion mode since neutral and acidic oligosaccharides often coexist as mixtures in carbohydrates from biological sources. For all four anions (i.e., chloride, bromide, iodide, and nitrate) that form observable adducts with melibiose ( ions of disaccharides often have gas-phase basicities close to that of chloride, but substantially higher than those of nitrate, bromide, and iodide. Unlike chloride, the weak attraction of nitrate, bromide, and iodide for protons cannot compete with the pull of the alkoxide site on the disaccharide upon PSD, leading to loss of the anion and thus leaving the neutral disaccharide while producing no structurally-informative disaccharide fragments. Chloride thus remains a preferred anion for structural determination employing anion attachment followed by PSD using MALDI-TOF [35] and is thereby used hereafter in this study for PSD experiments.
Linkage and Anomeric Configuration Differentiation by PSD of [Disaccharides ϩ Cl]
Ϫ
The current investigation builds upon a previous MALDI-TOF MS study [53] where only a limited number of glucopyranosyl glucoses disaccharides (six) were evaluated for their PSD behavior. To further exploit the chloride attachment approach for carbohydrate analysis, we extend our investigation to now include five 1-6 linked (Figure 2) , six 1-4 linked (Figure 3) , and three Figure 4h ). In addition to considering linkage position, the disaccharides can be divided into four groups based upon constituent monosaccharides (Table 1) : (1) nine glucopyranosyl glucoses (1-9); (2) nine pyranose-pyranose disaccharides with at least one hexose other than glucose (10-18); (3) three glucopyranosyl fructoses plus one galactopyranosyl fructose (19) (20) (21) (22) ; and (4) one hexose-pentose disaccharide (23) . The negative ion MALDI mass spectra of the disaccharides (Table 1 Ϫ compounds, because the diagnostic neutral losses for disaccharides with the same linkages remain virtually unchanged no matter how the reducing end or the nonreducing end vary, it is fairly safe to conclude that the negative ion PSD fragmentation patterns of chloride adducts of disaccharides are characteristic of the glycosidic linkage positions between adjacent monosaccharide units, independent of the constituent pyranose and the anomeric configurations.
The characteristic PSD fragmentation patterns for each linkage position can be summarized by stating that observation of the PSD fragments (Figure 2b ). This peak intensity difference is also applicable to other 1-6 linked disaccharides. Table 2 ). Lastly, the 1-2 linked disaccharides (Figure 4e , f, h; Ϫ , appears to be characteristic of the 1-1 linked disaccharides ( Figure  4c ). Although only one 1-1 isomer (Glc␣1-1␤Glc) out of three possibilities (Glc␣1-1␤Glc, Glc␣1-1␣Glc, and Glc␤1-1␤Glc) has been studied here, we have included in Table 2 the fragmentation peaks that we tentatively assign as diagnostic for the 1-1 linked disaccharides since its fragmentation pattern is highly distinct ( Figure  4c ; Table 2 ). From decompositions of chloride adducts of Glc␣1-1␤Glc, a high intensity peak at m/z 341 corresponding to [M Ϫ H] Ϫ is observed. Unlike other glucopyranosyl glucoses disaccharides where one of the glucoses is considered as the reducing ring, all three forms of trehalose are nonreducing disaccharides wherein the linkage has been formed between two reducing hydroxyl groups on the two glucose units. Apparently upon PSD, chloride adducts of trehalose require more energy to undergo initial HCl loss because they lack the acidic reducing end hydroxyl group. Thus, more of the available energy is consumed in the first step of decomposition (HCl loss) and the remaining [M Ϫ H] Ϫ product ions are less susceptible to consecutive decompositions [23] . This rationalizes the unusually high abundance of the [ (Gal␤1-4Glc) ; (e) Gal␤1-4Gal; and (f) Gal␣1-4Gal. A clear-cut differentiation between the ␣-(maltose) and ␤-configuration (cellobiose) in 1-4 linked glucopyranosyl disaccharides can be made by simply checking whether the relative abundance ratio of m/z 263:281 is larger than unity (␤ isomer) (Figure 3a) or smaller than unity (␣ isomer) (Figure 3b ). This peak intensity difference also holds true for other 1-4 linked disaccharides.
precursors are similar, but not identical, to those from other studies [13, 16 -18, 23, 36] . These similarities in neutral losses are observed even under largely variable conditions (e.g., positive mode versus negative mode; lithiated cations versus deprotonated molecules versus chloride adducts of saccharides; sector high-energy CAD versus low-energy CAD versus PSD; LSIMS versus FAB versus ES versus MALDI). This uniformity in behavior suggests a correlation between the linkage positions and fragmentation mechanisms including steric requirements for cross-ring cleavages (comprehending hydrogen transfers). The minor differences between our results and those obtained by Yamagaki et al. [36] are likely to be caused by a combination of two different effects. First, the smaller size oligosaccharides employed in our study should have a higher propensity to fragment than the larger varieties used in theirs (the larger the number of monomers, the more degrees of freedom (vibrational modes) exist [54] ). Secondly, the laser intensity in our PSD experiments Figure 4 . Negative ion PSD of chloride adducts of (a) laminaribiose (Glc␤1-3Glc); (b) nigerose (Glc␣1-3Glc); (c) trehalose (Glc␣1-1␤Glc); (d) Man␣1-3Man; (e) sophorose (Glc␤1-2Glc); (f) kojibiose (Glc␣1-2Glc); (g) Gal␤1-3Ara; and (h) Man␣1-2Man. For 1-3 glycosyl linkages, the relative abundance ratio of m/z 161:179 is consistently higher for the ␣ isomers (b), (d) than for the ␤ isomer (a). The difference in relative ratios is sufficiently large to permit distinction between the ␣-and ␤-configurations. For 1-2 glycosyl linkages, the relative abundance ratio of m/z 263:221 is consistently lower for the ␣ isomers (f), (h) than for the ␤ isomer (e), which allows for clear differentiation. For 1-1 linked trehalose (c), a nonreducing disaccharide, unusually high peak intensity at m/z 341, is observed because of the lack of reducing end hydroxyl group. For Gal␤1-3Ara (g), a hexose-pentose, prominent product ion peaks at m/z 179 (with charge retention on the nonreducing ring) and at m/z 131 (with charge retention on the reducing ring) are produced upon unambiguous cleavage of the glycosidic bond on the reducing end side.
using the linear-field reflectron can be changed greatly from segment to segment, to improve fragment ion abundances without saturating the detector. It is an advantage compared to PSD with a curved-field reflectron where the chosen laser intensity may create a dynamic range problem whereby lower intensity fragment ion signals are barely visible next to high intensity peaks.
Differentiation of anomeric configurations is achieved after knowing the linkage position because PSD mass spectra of the chloride adducts of the disaccharides with the same linkage but different anomeric configurations exhibit clear differences in the relative abundances of selected diagnostic peak pairs, independent of the constituent pyranose. A set of empirical criteria concerning the relative peak intensities of the selected characteristic peak pairs has been developed and is summarized in Table 2 .
The ␣-and ␤-configuration in the 1-6 linked disaccharides (Table 2 ) can be readily differentiated by examining whether the relative abundance ratio of m/z 251:281 is larger than unity (␤ isomer) (Figure 2a, c) or smaller than unity (␣ isomer) (Figure 2b, d, e) . Similarly, a clear-cut differentiation between the ␣-and ␤-configuration in the 1-4 linked disaccharides (Table 2) can be made by simply checking whether the relative abundance ratio of m/z 263:281 is larger than unity (␤ isomer) (Figure 3a , c-e) or smaller than unity (␣ isomer) (Figure  3b, f) . For 1-3 glycosyl linkages, the relative abundance ratio of m/z 161:179 is consistently larger for the ␣ isomers (larger than 2) (Figure 4b, d ) than for the ␤ isomer (smaller than 2) (Figure 4a ) ( Table 2 ). The empirical dividing line (2 in this case) provides a reliable means of differentiation. Likewise, the relative abundance ratio of m/z 263:221 is invariably lower for the ␣ isomers (smaller than 2) (Figure 4f, h ) than for the ␤ isomer (larger than 2) (Figure 4e ) in the 1-2 linked disaccharides (Table 2) .
Notably, the relative abundance of m/z 161 versus m/z 179 in the negative ion PSD mass spectra of [disaccharide ϩ Cl] Ϫ varies largely for the different linkages. The 1-6, 1-2, and 1-1 linked disaccharides show higher abundances of m/z 179 versus m/z 161, while the reverse is observed for 1-4 and 1-3 linked disaccharides, which is similar to previous studies in LSIMS/FTMS [18] and ES MS/MS [23] . This distinction appears to be a potential indicator to differentiate the 1-6, 1-2, and 1-1 linkages (higher m/z 179) from the 1-4 and 1-3 linkages (higher m/z 161).
Determination of the Reducing End
All of the disaccharides studied herein so far are hexose-hexose and the different stereoisomeric configurations cannot be discriminated by single-stage MS. However, sequence information can be obtained by MS when the constituent monosaccharide units have different masses. For example, a hexose-pentose disaccharide: Gal␤1-3Ara (23), has two monosaccharide units with different masses. The PSD mass spectrum of the chloride adduct of Gal␤1-3Ara at m/z 347 is shown in Figure 4g . Along with the deprotonated molecule [M Ϫ H] Ϫ , prominent product ion peaks at m/z 179 (with charge retention on the nonreducing ring) and at m/z 131 (with charge retention on the reducing ring) are produced upon unambiguous cleavage of the glycosidic bond on the reducing end side. Cleavages on the nonreducing side forming product ions at m/z 161 or m/z 149 are disfavored [18] and are detected in much lower abundances. A very low intensity peak at m/z 221 is also observed. This fragmentation pattern is very similar to the 1-3 linked hexose-hexose disaccharides ( Table 2) .
Influence of Laser Intensity on Relative Peak Intensities of Diagnostic PSD Fragment Pairs
Relative peak intensities (RPIs) are not generally reliably reproducible in PSD when these spectra are composites of several different "stitched" spectral segments acquired under somewhat varying ionization conditions [27] . However, employing a novel approach with our MALDI linear-field reflectron TOF mass spectrometer, we demonstrated [53] that even if target crystals vary substantially in shape and quality, rather repro- ducible relative PSD peak intensities can be acquired within the same PSD segment of a limited m/z range (ϳ40 m/z). This possibility will prove to be convenient for laboratories that do not have a curved-field reflectron [36 -38, 55 ] MALDI-TOF mass spectrometer that allows acquisition of an entire PSD spectrum under the same conditions for each laser shot.
While our initial studies [53] of glucopyranosyl glucose, positional isomeric pairs, and anomeric pairs were performed using a uniform laser intensity, it is impractical to acquire all PSD spectra using the same laser intensity. Thus, a study was undertaken to see whether the relative peak intensities of our proposed diagnostic fragment pairs vary greatly with laser intensity. The 1-6 and 1-4 linked glucopyranosyl glucose disaccharides were selected for this study. The stability of the relative ion abundances was checked for four disaccharides with the laser intensity value set at increasing increments (nine total for each disaccharide) up to about 1.5 times the threshold value (Figure 1e, f) . Using four repeat measurements at each point, the RPI of each diagnostic peak pair was calculated with the peak intensity of m/z 281 normalized to 100%. As can be seen from Figure 1e and f, the relative peak intensities are fairly stable regardless of the laser intensity used. Considering the poorly controllable variations in crystallization on the MALDI target, the reproducibility is satisfactorily high and the anomeric configurations can be unambiguously distinguished (no overlap in error bars). Figure 5 shows the PSD mass spectra of [M ϩ Cl] Ϫ of fructose-containing saccharides. It is obvious that fructose-containing disaccharide isomers (19) (20) (21) (22) with differing linkage positions give quite different PSD product ion spectra (Figure 5a-d (Figure 5b ). The PSD spectra presented here are qualitatively similar to those obtained by ES-CID of chloride adducts of these fructose-containing disaccharides [23] , except for Gal␤1-4Fru, where the cross-ring cleavages of fructose were not observed under ES-CID [23] . On the other hand, our PSD spectrum of chloride adducts of Gal␤1-4Fru is very similar to that of [M Ϫ H] Ϫ obtained under FAB-CID [17] . Also, the MALDI-PSD fragmentation patterns of 1-6 and 1-4 linked fructose-containing disaccharides were similar to their counterparts obtained from non fructose-containing disaccharides.
PSD of Chloride Adducts of Fructose-Containing Disaccharides
Sucrose (Glc␣1-2Fru) (Figure 5d ) is unique among all the disaccharides studied here. First, it is a fructosecontaining disaccharide. Second, it is a nonreducing disaccharide wherein the linkage is formed between two reducing hydroxyl groups on the glucose and the fructose units. The 
Linkage and Anomeric Configuration Analysis of Larger Oligosaccharide Adducts by PSD
The empirical "rules" listed in Table 2 , which were initially constructed from the PSD spectra of chloride adducts of glucopyranosyl glucose disaccharides and have shown suitability for other disaccharides, will now be tested on larger size oligosaccharides to assess the general applicability of this characterization method. Both raffinose (Gal␣1-6Glc␣1-2Fru) (Figure 5e ) and stachyose (Gal␣1-6Gal␣1-6Glc␣1-2Fru) (Figure 5f ) are nonreducing saccharides that each contains a Glc␣1-2Fru moiety at what is normally the reducing end. PSD of chloride adducts of Glc␣1-2Fru yielded unusual chlorine-containing product ions (Figure 5d ) and chlorine-containing product ions are also observed at m/z 377 for raffinose (Figure 5e ) and at m/z 539 for stachyose (Figure 5f ) due to the neutral loss of the fructose residue (162 Da neutral) from the corresponding [M ϩ Cl] Ϫ precursors. But no PSD peaks at m/z 197 are observed in either case, which contrasts with the previous ES-CID study [23] . The observation of chlorine-containing product ions corresponding to loss of fructose as a result of cleavage on the fructose side of the glycosidic bond upon PSD of [M ϩ Cl] Ϫ (e.g., m/z 215 from sucrose (Figure 5d ), m/z 377 from raffinose ( Figure  5e) , and m/z 539 from stachyose (Figure 5f )), has been found to be diagnostic for the Glc␣1-2Fru linkage at the downstream end [23] . We are therefore quite confident that each of these three chlorine-containing ions arises from cleavage of the last glycosidic bond at the downstream end. This evidence supports the notion that stepwise fragmentation of oligosaccharides originates at the downstream end [16] . In sharp contrast, chlorinecontaining fragments are not observed in PSD of the 1-1 linked pyranose on the reducing end (Figure 4f) . PSD of chloride adducts clearly serves as a means to differentiate a fructose on the reducing end from a 1-1 linked pyranose at the same position, which are practically indistinguishable by fragmentation under lowenergy CID [19] .
As shown in Figure 5e , the 1-6 linkage between the two upstream sugar rings in raffinose can be clearly deduced (Table 2) (Table 2 ). In combination with the observation of the chlorine-containing ion at m/z 377 that is diagnostic of Glc␣1-2Fru at the downstream end, the appearance of peaks corresponding to consecutive cleavages at points progressively further upstream serves as strong support for a stepwise cleavage process, going from the downstream (reducing) end to the upstream (nonreducing) end [16] .
For stachyose (Figure 5f (Table 2) . Again, stepwise cleavage of glycosidic linkages, going from the downstream end (yielding initially the chlorine-containing ion at m/z 539 diagnostic of Glc␣1-2Fru) to the upstream end [16] , is supported by the obtained spectrum.
The negative ion MALDI-PSD mass spectrum of the chloride adduct of isomaltotriose (Glc␣1-6Glc␣1-6Glc) (26) is shown in Figure 6a , which is essentially the same as that of the three upstream monosaccharides contained in tetrameric stachyose (Figure 5f ). Both the two 1-6 linkages and the two associated ␣-configurations can be deduced by a similar exercise.
The negative ion MALDI-PSD mass spectra of the chloride adducts of cellotriose (Glc␤1-4Glc␤1-4Glc) (27) (Figure 6b ) and maltotriose (Glc␣1-4Glc␣1-4Glc) (28) (Figure 6c) are similar. In each case, the two 1-4 linkages on each sugar can be verified due to appearance of the diagnostic fragments given in Table 2 . The ␤-configurations of the two 1-4 linkages in cellotriose can be safely assigned since the RPI of both m/z 263:281 and m/z 425:443 (analogous cross-ring cleavage, one added monosaccharide) are larger than unity (Table 2 ). For maltotriose, the ␣-configuration between the first and second ring (nonreducing end) can be safely assigned since the RPI of m/z 263:281 is smaller than unity (Table 2) . However, the RPI of m/z 425 versus m/z 443 is larger than unity, which according to the proposed criteria implies ␤-configuration with 1-4 linkage and fails to show the correct ␣-configuration of the reducing end 1-4 linkage in maltotriose.
The negative ion MALDI-PSD mass spectrum of the chloride adduct of panose (Glc␣1-6Glc␣1-4Glc) (29) is reported in Figure 6d . The 1-4 linkage of the reducing end and the 1-6 linkage type between the first and second ring (nonreducing end) in panose can both be clearly obtained by examining the major neutral losses ( Table 2 ). The ␣-configuration of the 1-6 linkage can be safely assigned since the RPI of m/z 251:281 is smaller than unity ( Table 2 ). The RPI of m/z 425 versus m/z 443 in panose, however, fails to show characteristics of the ␣-configuration with a 1-4 linkage. Once again, the evidence supports a stepwise cleavage of glycosidic linkages, starting from the downstream (or reducing) end [16] .
The negative ion MALDI-PSD mass spectrum of the chloride adduct of 3␣, 4␤, 3␣-galactotetraose (Gal␣1-3Gal␤1-4Gal␣1-3Gal) (30) appears in Figure 6e . The identity of the 1-3 linkage of the reducing end in galactotetraose is only supported by one major loss of 120 Da (m/z 545) from the [M Ϫ H] Ϫ ion at m/z 665. In PSD of chloride adducts of 1-3 linked disaccharides (laminaribiose and nigerose), only one cross-ring fragment via loss of 120 is observed (Figure 4a and b) . The 1-4 linkage between the second and third ring, and the 1-3 linkage between the first and second ring (nonreducing end) in galactotetraose can both be deduced from consideration of the neutral losses ( Table 2 ). The ␣-configuration between the first and second ring (nonreducing end) can be determined by the RPI of m/z 161 versus m/z 179, which is larger than 2 ( Table 2 ). The larger than unity RPI of m/z 425:443 (analogous to 263:281 in Table 2 , one added monosaccharide) clearly reveals the ␤-configuration between rings 2 and 3 in galactotetraose, while the anomeric configuration of the 1-3 linkage of the reducing end in galactotetraose cannot be determined because of the lack of pertinent fragmentations. Contrary to common opinion that relative peak intensities are not generally reliable in linear reflectron PSD, we demonstrate that the relative peak intensities of the oligosaccharide fragment peaks intentionally acquired within the same PSD segment are rather stable, even if the laser intensities vary greatly and the target crystals are not uniform with respect to shape and quality. Our proposed characteristic neutral losses in MALDI-PSD mass spectra of the chloride adducts of neutral oligosaccharides and the relative ion abundances of selected diagnostic fragment pairs allow simultaneous determination of both linkage information and anomeric configurations of the oligosaccharides.
Conclusions
Competitive fragmentation pathways are revealed and rationalized in PSD processes of chloride adducts of oligosaccharides. For specific glycosidic linkage types, PSD spectra of oligosaccharides with the same anomeric configuration show the same trend of relative ion abundances for specified diagnostic fragment peaks, independent of monosaccharide structure. This strongly indicates that the fragmentation pathways observed in negative ion PSD spectra are largely affected by the anomeric configuration between the monosaccharide rings for the particular linkage positions while downplaying the importance of the specific types of monosaccharide present in the reducing or nonreducing position. It thus has become clear that differentiating anomeric configuration of glycosidic bonds is viable by comparing relative peak intensities of diagnostic peaks in negative ion PSD via anion attachment. The fragmentation profiles and relative peak abundances in PSD spectra are expected to present important hints to determining the glycosidic linkage types and anomeric configurations of more complex glycoconjugates. The empirical rules listed in Table 2 hold without exception for all the tested disaccharides (18 in total). When larger oligosaccharides are tested by these same rules, most cases conform; however, in two instances, the ␣-configuration of 1-4 linkages was incorrectly assessed. The additional monosaccharides present in the larger oligosaccharides must therefore influence the preferred decomposition pathways in these two cases. In moving from disaccharides to larger oligosaccharides, the rates of the two competitive processes leading to a given pair of diagnostic ions may be altered by more severe steric constraints, or the increased number of decomposition channels, or a diminution of internal energy in specific vibrational modes and the related increase in kinetic shift.
The potential usage of MALDI linear reflectron TOF MS in stereoisomer determination has thus been greatly expanded. Considering the popularity of conventional MALDI-TOF MS world-wide and the fact that it will remain a major workhorse for the near future, our results will hopefully inspire more interest in PSD analysis of glycoconjugates.
